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SURFACiS AT HIGH SUPERSONIC MACH NUMBERS 
By Charles H. McLellan 


SUMMARY 


Large increeises in lift-curve slope at low angles of attack at high 
supersonic Mach numbers can he obtained hy the use of wedge-shape airfoil 
sections. The une of such sections on the tail surfaces operating at 
low angles of attack on airplanes or missiles traveling at these speeds 
can greatly decrease the stahilizing-surface area required. Efoderate 
increases in section effectiveness (lift-curve slope) over that for more 
conventio n al tall sections can he obtained with little or no increase in 
total dreig because of the decreased surface area required. Larger 
increases can be obtained} however, they will be accongjanled by Increases 
in stabllizing-surface drag. 


INTRODUCTION 


* 

A major problem in flight at supersonic speeds is the decrease in 
llft-cu3nre slope of lifting surfaces with Increase in Mach number and, 
hence, the reduction of stability and control effectiveness. The magni- 
tude of this problem is illustrated by the fact that at a Mach number 
of 7 "the lift-curve slope for thin airfoilS' at -low angles of attack is 
about one-sixth the value obtained at a Mach number of 1.5. Furthermore, 
the variation in body force coefficients with Ifech number .can be an 
adverse factor in the stability and control of the airplane or missile. 
Increasing the stability by increasing the nvimiber or the area of the 
stabilizing surfaces and their moment arms can sometimes resolve the 
problem but may often result in unwieldy and inefficient configurations . 

The use of a sin^jle wedge for the stabilizing surface appears to 
be one way to increase the effectiveness of the siirface at high super- 
sonic Maeh numbers without Increasing the surface area. Small gains in 
lift-ciorve slope have been reported in references 1, 2, and 5 by using 
small wedges Instead of sharp-tral ling- edge airfoils. However, the 
magnitude of the Increases that can be obtained has not been adequately 
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dlsciissed^ particularly with regard to large wedge angles and Mgh super- 
sonic Mach numbers. The purpose of this report therefore is to bring 
attention to the large benefits that may be obtained from increasing the 
wedge angle of stabilizing surfaces, particularly at high supersonic Mach 
numbers . 


SYMBOLS 


Cd 

CDi 

Cf 

Cl 

L 


drag coefficient 

Invlscld drag coefficient 

friction coefficient (both surfaces) 

lift coefficient 

lift-coefficient-cirrve slope 

lift 


c chord 

p static press\ire 

Pj^ static pressxxre on lower stirface 

Pj static pressure ^on upper surface 

p^ base pressure 

t airfoil thickness 

M Mach number 

X distance along chord 

a angle between free-stream flow and chord line 

6 flow deflection angle 

Subscripts: 

1 conditions ahead of shock 


2 

o 


conditions behind shock 
condition at a = 0° 
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BASIC CONSmiEATIONS 


A stabilizing surface must be able to produce a large restoring 
moment when it is distiorbed from alinement with the stream. (To sim- 
plify the discussion, the following is confined to flat plates and air- 
foils without camber . ) For a given moment arm, the value of 

determines the effectiveness of a surface operating at low angles of 
attack in producing a restoring moment. 

The lift coefficient on an airfoil section can be expressed as 



Pl - Pu 

dx 

<1 


where p^ and pg are the presstire over the lower and upper surfaces. 


At zero angle of attack the rates of changes of pj^ - p^^ nnfl 
Pg - P]^ with angle of attack for a symmetrical airfoil may be assixmed 
equal but opposite in sign. It can be shown that for a flat plate 




do. 


where P 2 /P 1 is the ratio of the pressure behind the shock to the free- 

stream pressure. For a symmetrical airfoil other than the flat plate 
the average pressure P ’2 over the surface may be substituted for pg. 


<g) 

For a flat plate 

da 


is the flow deflection angle. 


at a = 0° is equal to 


dB 


Above a Mach number of about 



for a flat plate is approximately proportional to the Mach number so 
that Ct is approximately inversely proportional to M. 

■^o 
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Figtire 1, wMch presents graphical l y the well known relation 
between p anii 6, shows that the slopes of these curves 




increases rapidly as 6 is increased, particularly at the higher Mach 
numbers. By adding thickness, an in a wedge airfoil section, the 6 
of the surfaces can be increased at a constant angle of attack, thereby 


giving a larger value of 



eind conseq^uently a larger value of 



The ratio of the slope 



d6 


at any deflection angle to that at 6=0° 


is the ratio of the effectiveness of the surface to that of a flat plate 
at zero angle of attack. The xise of a wedge airfoil is the most effec- 
tive way of increasing the section effectiveness since the deflection 
angle is then constant over the siurfaces. 


WEDGE AnOfOIL CHARACTERISTICS 
Effect of Wedge Angle and Mach Nuiriber on Idft-Curve Slope 


The variation of the section lift-curve slope with Mach number for 
various wedge half-angles as obtained from the slopes of curves similar 
to those in figure 1 is presented in figure 2. The rapid decrease in 
the lift-curve slope for a flat plate, 5 = 0°^ is readily apparent in 
this plot. This figure shows that very large gains can be obtained in 
section lift-curve slope with moderately small' wedge half-angles. From 
this figure it is possible to determine the wedge angles required to 
maintain a constant value of ^ Mach number is varied. The lift- 

curve slope for a 5-Psrcent-thick diamond airfoil section (which has a 
wedge half-angle of 2.86°) is also included in figure 2 to show the 
variation for a more conventional wing section. 

It must be pointed out that these values are invlscid section 
values. At high Mach numbers the presence of the boundary layer will 
increase the pressiires over the surface (refs. 5 aJid ii-) in such a way 
eis to increase the lift-ciirve slope slightly. 

Tn an actual application of these calciilatlons , plan- form and wing- 
body Interference effects must also be considered. Investigations at 
M = 6.9 (refs. 3 } and 5 ) have shown that as long as the shock is 
attached to the wing leading edge the losses in lift due to plan-form 
effects are small. Unpublished results obtained in the Langley 11- inch 
hypersonic tunnel have shown*that;»'S3=='Wb6rti be expected the interference 
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effects are small at Mach numbers of the order of 7. However, investi- 
gations of interference and plan-form effects for the particular con- 
figuration are advisable. 


The ratio of the stahillzing-soirface area required to obtain a 
given stabilizing force for a wedge to that required for a flat plate 
is equal to the reciprocal of the ratio of the llft-cu2*ve slopes of the 
two surfaces at a = 0°. This ratio of lift-curve slopes is therefore 
presented in figure 3 as a measTore of the effectiveness of a stabilizing 
surface. It is Interesting to note that for Mach numbers above the 


value of 




(flat plate) 


is, for all practical purposes, directly 


proportional to Mach number. Values of relative surface effectiveness 
of about 4.4 are obtainable at M = 7 with the 15° wedge half-angle. 
Similar curves can be constructed for wedge half-angles up to the shock 
detachment angle (40° to 45° at Mach numbers above 4.5) with far greater 


values of 




(flat plate) 


Effect of Wedge Angle and Mach Number on Drag 

The large increases in lift-curve slope are not accongalished with- 
out some penalty. For example, the inviscid section drag with the large- 
angle wedges is much higher than for more conventional sections such as 
a 5~psrcent- thick double-wedge section with the TnayimiiTn thickness at 
50 percent chord. Figure 4 shows the inviscid drag coefficients for 
several wedge angles plotted against Mach number for two conditions of 
base pressiire. As shown, the magnitude of the base pressiure is not 
in^jortant at the extremely high Mach numbers. No atteiqpt has been 
made to evaluate the base pressure. 

It may be seen from figure 4 that the increases in inviscid drag 
with -vredge angle are large. However, skin friction should be included 
in any drag congjarison. Furthermore, since the surface area can be 
decreased for constant lift because of the increased Ct with 

■^o 

increasing 6, the area reduction with Increasing wedge angle should be 
taken into account. Therefore, in figure 5 "the total drag of the wedge 
has been divided by the dynamic pressure and the flat-plate area (which 
is held constant). The area of the wedge airfoil has been decreased so 
that the lift and consequently the restoring moment per degree will be 
constant. This curve therefore indicates the drag penalty that resiilts 
from the use of wedge surfaces. The ordinate on this figure is equal 
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to the drag coefficient based on the actual area of the wedge section 

divided by . The calculations have been made for a 

■*^(flat plate) 

■lami nar flat-plate skin -friction coefficient of 0-00217 (two sides). 

The skin friction on the wedge was corrected for the difference in 
Reynolds nmber, Mach number, and dynamic pressure ahead and behind the 
shock. The calculated skin-friction coefficient including these cor- 
rections increases with wedge angle - Since a laminar flow is consid- 
ered, the base pressure will probably be near free-stream pressure. A 
base pressure equal to stream pressure has therefore been assumed in 
this figmre. 

Also included in this figure is the value for a 5 -percent -thick 
diamond section. For the particular conditions selected for this com- 
parison the total drag of the diamond section is equal to that for the 
wedge with 6 = 4° and the greater effectiveness of the wedge is 

1.6l times the C]^ of the diamond section^ results in a tail surface 

with only 62 percent the area required with a 5-percent-thick diamond 
section. Below 6=4° the wedge section has less total drag than the 
diamond section and would still have a large advantage in size as well 
as reduced drag at lower Mach nixmber if the wedge an gle is variable 
with Mach number. In the actual selection of wedge angle, calculations 
should be made over the con 5 )lete Mach number and Reynolds number range 
of operation and a determination of the base pressure for the operating 
range should be made. 


APPLICATIOW 


In application, the wedge angle might be varied with Mach number 
as shown in figure 6. A variable angle wedge would allow ^° 

continuously adjustable in flight so as to allow the stability to be 
varied as needed and would allow low drags to be obtained at Mach num- 
bers below the ms-irt Tm-rm design Mach nvimber because use of a variable 
wedge angle allows the use of reduced surface area. 

The large advantages of the wedge surface can only be realized when 
the stabilizing surface is operating at low angles with the stream. If 
the surface must operate at large angles of attack in order to supply 
sufficiently large lift coefficients to maintain trim, a siDg)le flat 
plate will have already gained much of the effectiveness of the wedge. 
Therefore, the usefulness of the wedge surface is mainl y in configura- 
tions where trim is obtained at lo\f angles, such as the vertical tail 
STorface or all the tall sturfaces a congguration traveli n g in nearly 
a ballistic trajectory. • ' 
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The reduction in size of the tall surface may he Iniportant from the 
standpoint of weight as well as space required to house the missile or 
alrp)lane. The weight reduction possible iri.th the use of wedge sections, 
which may he considerably greater than the area reduction, can he a very 
important factor in many cases, particularly since a forward shift in 
center of gravity due to the reduced tall -ireight will further decrease 
the stabilizing surfaces required. 


CONCUJDING EEMAEiffi 


Large increases in llft-cirnre slope at hl^ supersonic Mach numbers 
can he obtained by the use of wedge-shape airfoil sections. For example, 
times the flat-plate effectiveness (lift- curve slope) can be obtained 
with a siirface vising a wedge half-angle of 15° at a Mach number of 7« 

The use of such sections on the tall surface of airplanes or missiles 
traveling at such high speeds can greatly decrease the stabillzing- 
surface area required. The effectiveness will Increase up to the point 
of shock detachment (between 40° and 45° above a Mach number of 4.5 for 
a two-dimensional surface ) . In general, the large increase in section 
effectiveness will be accompanied by large Increases in stabillzing- 
surface drag. However, moderate increases in section effectiveness 
over that of more conventional tall sections can be obtained with Httle 
or no increeise in total drag since the greater effectiveness allows a 
reduction in the area required to maintain a stable configuration. 

The usefulness of the wedge surface is mainly in configurations 
where trim is obtained at low angles of attack on the stabilizing sur- 
faces since a surfane such as a flat plate which operates at the higher 
angles of attack will possess much of the effectiveness of a surface 
with a wedge section. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aerenautics, 
Langley Field, Va., June 'J, 195^. 



8 


NACA RM L 54 F 21 


REFEEffiNCES 


1 . Jaeger, B. F., Eather, M. L. , and Sctiroedter, G. M. : The Aerodynamic 

Characteristics at Supersonic Speeds of Blunt-Traillng-Edge Airfoils 
for the NOTS Small-Caliher Air- to- Air Folding-Fin Rocket. NAVORD 
Rep. 1287 (rots 557) ^ U- S. Naval Ord. Test Station, Inyokem, 

Feh. 1951. 

2 . Chapman, Dean R., and Kester, Robert H. : Effect of Trailing- Edge 

Thickness on lift at Stipersonic Velocities. NACA RM A52DI7, 1952 . 

3. McLellan, Charles H. , Beiinram, Mltchel H. , and Meore, John A.: An 

Investigation of Four Wings of Square Plan Form at a Mach Number of 
6.86 in the Langley 11 - Inch Eypersonlc Tunnel. NACA RM L5IDI7, 1951 . 

4 . McLellan, Charles H. : Exploratoiy Wind-Tunnel Investigation of Wings 

and Bodies at M = 6.9. Jour. Aero. Sci., vol. 18, no. 10 , Oct. 

1951 j PP. 61 H- 61 t 8 . 

5. Ulmann, Edward F., and Bertram, Mitchel H. : Aerodynamic Characteris- 

tics of Low- Aspect-Ratio Wings at High Supersonic Mach Numbers. 

NACA RM L53123, 1953. 





Figure 1.- Variation of pressure rise across shock for various Mach numbers 

and deflectlcm angles. 7 = 1.4. 
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Figure 2.- Variation of lift-curve slope 

variovis wedge half 


MCA. EM i,5l|-F21 



; a = 0° with Mach number for 
igles. 
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Figure 4.- Variation of inviscid drag coefficient of wedges with Mach 

number. 
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Figure 5.- Variation of drag for a given lift-curve slope at a « O' 

M = 6.9. 
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Figure 6.- Variation of wedge half angle with Mach number for two lift- 

cxirve slopes. 


